Intramembrane electric field strength is a very likely determinant of the activity of iontransporting membrane proteins in living cells. In the absence of any transmembrane electrical potential or surface potential, its magnitude is determined by the dipole potential of the membrane's lipid components and their associated water of hydration. Here we have used a fluorometric method to quantify the dipole potential of vesicles formed from lipids extracted from kidney and brain of eleven different animal species from four different vertebrate classes. The dipole potential was compared with the fatty acid composition and with the Na + ,K + -ATPase molecular activity of each preparation. The magnitude of the dipole potential was found to be relatively constant across all animal species, i.e. 236-334 mV for vesicles prepared from the total membrane lipids and 223-256 mV for phospholipids alone. The significantly lower value for phospholipids alone is potentially related to the removal of cholesterol and/or other common soluble lipid molecules from the membrane. Surprisingly, no significant dependence of the dipole potential on fatty acid composition was found. This may, however, be due to concomitant compensatory variations in lipid head group composition. The molecular activity of the Na + ,K + -ATPase was found to increase with increasing dipole potential. The fact that the dipole potential is maintained at a relatively constant value over a wide range of animal species suggests that it may play a fundamental role in ensuring correct ion pump conformation and function within the membrane.
INTRODUCTION
Electric fields occur within membranes (23). Such electrical fields are known to be capable of influencing the function of numerous ion-transporting membrane proteins. Most notable is the case of voltage-sensitive ion channels, e.g. Na + , K + and Ca 2+ channels (21) elsewhere (48). Na + ,K + -ATPase activity was measured as the ouabain-inhibitable ATPase activity in detergent treated (sodium deoxycholate 1mg.ml -1 ) homogenates (10%, w/v).
Molecular activity, which is defined as the maximal rate of substrate turnover by a protein, was derived by dividing maximal Na + ,K + -ATPase activity (expressed as pmol Pi.mg wet weight -1 .min -1 ) by the Na + ,K + -ATPase concentration (in pmol.mg wet weight -1 ) for the same preparation. The net result was expressed as the number of ATP molecules hydrolysed by each Na + ,K + -ATPase per minute. Some of the molecular activity data has been reported elsewhere in investigations of its correlation with body mass and lipid composition (48, 49).
Samples of each tissue were kept at -80°C until required for the preparation of microsomal membranes and subsequent extraction of lipids and measurements of dipole potential following vesicle formation.
Preparation of microsomal membranes
Microsomal membrane fragments were prepared according to the procedure of Jørgensen (28). Tissue homogenates (10% in 250mM sucrose, 30mM histidine; pH 7.4), were centrifuged at 6,000g for 15 minutes with the pellet resuspended and centrifuged for a further 7 48,000g for 35 minutes. The resultant pellet, designated microsomal membranes, was resuspended in 250mM sucrose, 30mM histidine (pH 7.2).
Extraction of total membrane lipids and phospholipid separation
All solvents used in the lipid extractions were of ultra-pure grade and were from Merck Pty Ltd (Kilsyth, VIC, Australia). Analytical grade butylated hydroxytoluene was from Sigma Aldrich (Castle Hill, NSW, Australia). Lipids were extracted from microsomal membrane fractions by a standard method (17) using chloroform:methanol (2:1, v/v) containing butylated hydroxytoluene (0.01% w/v) as an antioxidant. In this study we have termed these extracts 'total membrane lipids' because they include both phospholipids and other membrane lipids (primarily cholesterol). Phospholipids were separated by solid phase extraction on Phenomenex SPE® silica cartridges (Pennant Hills, NSW, Australia).
Phospholipid concentration of total membrane lipids and phospholipids was determined using a phosphorus assay as described by Mills et al (34).
Preparation of vesicles from synthetic and natural lipids
Synthetic phospholipids used for calibration purposes were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Unilamellar vesicles were prepared by the ethanol injection method described in detail elsewhere (52, 53). The final vesicle suspension (in 30 mM Tris, 1 mM EDTA, 150 mM NaCl; pH 7.2) contained no detectable trace of ethanol, i.e.
[ethanol] ≤ 10 µM, according to a nicotinamide adenine dinucleotide/alcohol dehydrogenase enzymatic assay (Boehringer, Mannheim To prepare vesicles from natural lipids, total membrane lipid and phospholipid extracts (approx. 2mM) from microsomal preparations were dried under nitrogen and resuspended in a buffer containing 30 mM Tris, 1 mM EDTA, and 150 mM NaCl in de-ionised water (pH 7.2).
The resuspension process involved 20-30min of sonication under nitrogen to prevent any oxidation. Lipid and phospholipid solutions were then given 11 passes through an Avanti
Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, USA), equipped with a 100nm pore-size Nucleopore (Whatman, Maidstone, UK) polycarbonate membrane, to produce a unimodal, normal distribution of unilamellar lipid vesicles of 100nm size.
Fluorescence measurements
Di-8-ANEPPS was obtained from Molecular Probes (Eugene, OR). In vesicles and in aqueous solution, the dye showed a single long wavelength fluorescence emission band. For spectral measurements in the presence of lipid vesicles, 5 µl of an ethanolic dye solution (1.00 mM) was added to 1 ml of the vesicle-containing aqueous solution, thus giving a final di-8-ANEPPS concentration of 5 µM. After addition of the dye, the solutions were left overnight in a nitrogen environment to allow for dye disaggregation and incorporation into the membrane. Due to the addition of the ethanolic dye solution, the final solution contained a small percentage of ethanol (0.5%). The effect of the small volume of ethanol added on the fluorescence spectra of membrane-bound dye was checked in separate control experiments and found to be negligible. Measurement temperature was thermostatically controlled to at least 2°C above the main phase transition temperature of each synthetic lipid, so that each lipid was in its liquid crystalline state. For the natural lipid extracts, measurements were conducted at both 37°C and 25°C.
Phospholipid fatty acid composition
Portions of the fatty acid composition of the mammalian and avian species have previously been reported elsewhere (48, 49). Fatty acid analysis of the phospholipid fractions of natural membrane lipid extracts from the shingleback and cane toad were determined using the same method as for the other species as described in detail in Pan and Storlien (38).
Briefly, phospholipid fractions were transmethylated with 14% (w/v) boron trifluoride in methanol and fatty acid methyl esters were separated by gas-liquid chromatography on a Hewlett-Packard 5890 Series II gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) with a fused silica capillary column. Individual fatty acids were identified by comparing each peak's retention time to those of external standards. The relative amount of each fatty acid (% of total fatty acid) was determined by integrating the area under the peak and dividing the result by the total area for all fatty acids.
Statistical analyses
Values are presented as means ± standard deviation. Linear and logarithmic analyses were conducted using either JMP 
RESULTS

Calibration of di-8-ANEPPS
For the measurement of the dipole potential a recently developed spectroscopic technique (9, 20) involving the fluorescence intensity ratio of a voltage-sensitive styrylpyridinium dye, di-8-ANEPPS, was used. This method has the advantage that it is applicable directly to membrane vesicles and, in principle, even living cells, and does not require the formation of planar black lipid membranes or monolayers. In order to convert the fluorescence ratio R of di-8-ANEPPS to a dipole potential value in mV a calibration of the dye in pure synthetic lipid was required. This new calibration was performed using dipole potential values from phosphatidylcholine bilayers corrected for the differences in hydration energies of the hydrophobic ions used in the experimental determination (43) as well as values determined from monolayer data (see Table 1 ). The calibration is shown in Figure 1 . Table 1 are fitted to a straight line as defined by the equation (1): 
which allows the dipole potential of a given membrane to be calculated from the measured R value.
Although not used for calibration purposes, because no electrical data is available, fluorescence ratio measurements were also carried out on synthetic vesicles composed of the lipid docosahexaenoylphosphatidylcholine (22:6 (n-3)). This lipid was measured in addition to those listed in Table 1 , because 22:6(n-3) is both the longest and most polyunsaturated fatty acid chain commonly found in natural membranes and is a particularly important constituent in the membranes of brain (see Table 3 ). The fluorescence ratio measured was 0.359 (± 0.001). Applying equation (2) , this corresponds to a dipole potential value of 153 (± 102) mV.
This value represents the lowest dipole potential of any lipid studied so far. The particularly low value could be explained by the high degree of unsaturation of its hydrocarbon chains which cause it to occupy a relatively large surface area in the membrane and hence lead to a relatively low density of molecular dipoles within the membrane surface (7).
Dipole potential of total membrane lipids and phospholipids
The dipole potential of the natural total membrane lipid and phospholipid extracts at 37°C are shown in Table 2 . In the phospholipids, there was little variation in dipole potential between species and across tissues, with values ranging from 223mV to 256mV. In the measurements of dipole potential in total membrane lipids a modest level of variation was 13 found in the kidney. Here values ranged between 236mV in the duck to 334mV in the mouse.
In the brain all total membrane lipids displayed a fairly similar dipole potential of approximately 300mV.
Dipole potential was also determined at 25°C in all samples with very little difference observed to those measured at 37 o C. Dipole potentials at 25°C were only approximately 2 -4% greater than the value at 37°C for most samples, with a maximum difference of 7%. This relative independence of temperature is to be expected because the magnitude of the dipole potential depends on the average orientation of the dipoles from which it is formed and their surface density, but not on their speed of movement. If the dipoles move more rapidly but maintain the same average orientation in the membrane surface, no change in dipole potential would be predicted. This is supported by previous work (9) that has shown that the fluorescence ratio of di-8-ANEPPS is independent of membrane fluidity as long as the membrane does not undergo a phase transition. A more significant effect is the fact that the magnitude of the dipole potential in phospholipid extracts was on average 22% less than that of the total membrane lipid extracts. The possible origin of this effect is considered in the discussion.
Na + ,K + -ATPase molecular activity and phospholipid fatty acid composition
Some of the Na + ,K + -ATPase molecular activity data and phospholipid fatty acid composition of the species used (except for those of the toad and lizard species) have previously been reported (48, 49). In the present study however, they are used to examine any potential link with the dipole potential of the phospholipids and lipids extracted from the same membranes. Both Na + ,K + -ATPase molecular activity and phospholipid fatty acid composition showed substantial variation between and within tissues ( The kidney and brain also showed a number of differences in fatty acid profile ( Table   3 ). The kidney of most species contained a relatively greater proportion of n-6 polyunsaturated fatty acids (PUFA) including 18:2(n-6) and 20:4(n-6), while the brain was characterized by high levels of n-3 PUFA, primarily 22:6(n-3). The content of a number of individual fatty acids showed dramatic variation between species, with the percentage of 18:2(n-6) and 22:6(n-3) varying approximately 120-fold and 60-fold respectively.
Comparing the fatty acid compositions of each tissue with its corresponding dipole potential value, there were no obvious determinants of the dipole potential. When plotted against Na + ,K + -ATPase molecular activity, the dipole potential of membrane lipids showed a positive correlation (r=0.66, n=15, P=0.008) but no similar relationship with the dipole potential of membrane phospholipids was observed. An examination of the residual plots of these findings suggested that a non-linear curve might better describe the relationship between Na + ,K + -ATPase molecular activity and the dipole potential of membrane lipids. A logarithmic equation [y = -22 + 76ln (x)] was a better fit for describing this relationship (r=0.76, P<0.0001) (Fig. 2) .
DISCUSSION
The intramembrane electric field strength of phosphatidylcholine bilayers is known to vary depending on the fatty acid composition (1, 2, 19, 22, 40, 43, 45) . In general it has been found that there is an inverse relationship between the dipole potential and the level of membrane unsaturation (7) . Using the same spectroscopic technique, we have utilized the large natural variation in fatty acid composition of membranes that occur between vertebrate species (including mammals, birds and ectothermic vertebrates), to investigate the dipole potential in natural lipid extracts.
Examination of the dipole potentials of the natural lipid mixtures in the present investigation showed that they existed within the range i.e. 220 -335mV, which is within the range (200-400 mV) of those previously reported for synthetic phospholipid bilayers (7).
However, although the natural membrane lipid extracts display dipole potentials within the expected range, a number of distinct differences were observed compared to those measured on synthetic phospholipid bilayers. Firstly, the dipole potential remained relatively constant in the natural phospholipids despite very large variation in fatty acid composition. Secondly, the dipole potential showed no obvious dependence on the level of unsaturation (as measured by unsaturation index). This is in marked contrast to what is observed in bilayers composed of various phosphatidylcholine molecular species where increasing unsaturation of the fatty acid chains causes a significant reduction in the dipole potential (7).
From measurements on synthetic phosphatidylcholine vesicles it appears that the major effect of fatty acid chain unsaturation on membrane dipole potential is indirectly via its effect on lipid packing (7). The acyl chains themselves appear to make a minimal contribution to the dipole potential (39, 41). The effect of packing is explained in analogy to a parallelplate capacitor by the Helmholtz equation,
where µ ⊥ is the average component of the lipid dipole moment (including membraneassociated water molecules) perpendicular to the plane of the membrane, ε o is the permittivity of free space and ε is the local dielectric constant. From equation (3) it can be seen that ψ d is expected to be directly proportional to 1/A, the lipid packing density, as long as the local dielectric constant doesn't vary. For the lipid extracts studied here, the values of the unsaturation index (UI), given in A final interesting observation was that, in total membrane lipids, the molecular activity of the Na + ,K + -ATPase increased with increasing dipole potential (see Fig. 2 ). This is consistent with the results of Ganea et al. (18), who showed that a reduction of the dipole potential induced by the adsorption of lyotropic anions to the membrane caused a significant decrease in the rate constant for the enyzme's conformational change in its phosphorylated state (E 1 P → E 2 P). Effects of the dipole potential on the kinetics of reaction steps of the enyzme would be expected if they involve charge displacement (either ions or charged protein residues) and are hence sensitive to their local electric field. It appears, therefore, that modulation of dipole potential via membrane composition could be a possible fine-tuning mechanism for optimizing ion pump function.
At this stage it cannot be excluded that some of the variation in Na + ,K + -ATPase activity observed here could be related to differences in the protein between the different species rather than their lipids. Different isoforms of the enzyme do exist, which are expressed to different degrees in different organs or tissues (47). In the kidney, which was one of the organs studied here, the α 1 isoform appears to be expressed almost exclusively. In the brain, on the other hand, the α 1 , α 2 and α 3 isoforms all appear to be present, with the expression level changing with the degree of development. Convincing data supporting the role of lipids in determining Na + ,K + -ATPase activity has, however, come from membrane crossover experiments performed by Else and Wu (15) . By isolating both the enzyme and their surrounding lipids from rat and toad and then reconstituting the enzyme in the lipids of the other animal, they were able to provide direct experimental evidence that the activity of the Na + ,K + -ATPase enzyme is largely determined by its surrounding lipid environment.
Significant effects of lipids on the activity of the Na + ,K + -ATPase have also been found in experiments in which the enzyme has been reconstituted into artificial vesicles consisting of synthetic lipids of defined composition (11, 12, 31) . These effects have predominantly been discussed in terms of the lipid chain length and it has been proposed that there must be a hydrophobic match between the hydrophobic transmembrane segments of the protein and the hydrocarbon fatty acid chains of the lipids. The cholesterol content of the membrane has also been found to have a significant effect on Na + ,K + -ATPase activity. The effect of cholesterol has similarly been discussed in terms of the hydrophobic match between the membrane and the protein (11), since cholesterol induces an ordering of the lipid acyl chains and hence an increase in membrane thickness. Cornelius et al. (12) recently found, however, that hydrophobic matching could not explain all of the lipid effects on Na + ,K + -ATPase activity and he suggested additional mechanisms, including effects on intramembrane charge distribution (consistent with the findings reported here) or effects on the oligomeric state of the protein within the membrane. As a caveat it is important to point out, however, that the correlation found here between Na + ,K + -ATPase activity and the membrane dipole potential does not necessarily imply that the change in intramembrane electric field strength caused by differences in the dipole potential is the actual cause of the change in enzyme activity. It is still feasible that the underlying cause of the change in Na + ,K + -ATPase activity is another property of the lipid membrane which also incidentally affects the dipole potential. Further controls would still be necessary in order to make a definitive statement.
The relatively constant value of the dipole potential over the range of animals studied, divided by that at a λ ex of 520 nm. In each case the emission wavelength used was 670 nm.
The values of ψ d have been taken from the literature (see Table 1 ). The line represents a fit of the data to a straight line (r = 0.79, P < 0.01). Table 2 and Table 3 .
Logarithmic regression was used for the analysis (r = 0.76, P < 0.0001). (Fig. 1 ) and have been calculated using eq. 2 according to the laws of error propagation. 
